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Recent results obtained at HERA on deeply virtual Compton scattering and exclusive 
vector meson production are reviewed, with the emphasis on the transition from soft to 
hard diffraction and on spin dynamics. 

1 Introduction 

Since the beginning of HERA data taking, a large number of studies have been performed 
of deeply virtual Compton scattering (DVCS) and of vector meson (VM) production. The 
exclusive final states include real photons [TJ [H [3], light (p [4] 151 IB] 171 151 15] . to [TU1 [TT] and 
4> [H [H Ej) and heavy VMs (J/ip [H [HE US [13 HE], ^(2s) [H] and T [HI [2T]). Cross 
sections are expressed in terms of j*p scattering. 

In the presence of a hard scale, these processes provide unique information on the mecha- 
nisms of diffraction, in particular on the transition from soft to hard diffraction and on spin 
dynamics. A hard scale is provided by the VM mass My, by the negative square of the pho- 
ton four-momentum, Q 2 (with Q 2 ~ for photoproduction and 1.5 < Q 2 < 90 GcV 2 for 
electroproduction), or by the square of the four-momentum transfer at the proton vertex, t. 

DVCS and VM production with small \t\ values {\t\ < 0.5 GcV 2 for elastic scattering and 
\t\ < 2.5 GeV 2 for proton dissociation) are interpreted in terms of two complementary QCD 
approaches. Following a collinear factorisation theorem, the DVCS process, the electropro- 
duction of light VMs by longitudinally polarised photons, and the production of heavy VMs 
can be described by the convolution of the hard process with generalised parton distributions 
in the proton (GPDs). High energy DVCS andVM production can also be described through 
the factorisation of virtual photon fluctuation into a qq colour dipole, diffractive dipole-proton 
scattering, and qq recombination into the final state photon or VM. The interaction scale \i is 
given by the characteristic transverse size of the dipole, with \i 2 ~ (Q 2 + M£)/4 for light VM 
electroproduction by longitudinal photons and for heavy VM production, whereas this value 
may be significantly reduced for light VM electroproduction by transversely polarised photons, 
because of end-point contributions in the photon wave function. For DVCS, LO contributions 
are present, which suggests that the relevant scale may be Q 2 rather than Q 2 /4 as for VMs. 

Several models, based on either approach, have been proposed. They differ in particular 
in the way the VM wave function is taken into account, in the parameterisation of the parton 
distributions and of the dipole-proton scattering, and in the extension to non-zero \t\ values of 
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the scattering amplitude. 

High \t\ photoproduction, with 2 < \t\ < 30 GeV 2 , of real photons [3], p and 4> mesons [HIE], 
and J/i[i mesons [17l [18] offer specific testing grounds for the BFKL evolution. 

Comparisons of models with the data are discussed in particular in [T]l2^l3ll6ll7]l9llT7 l [T8" l l22|. 

2 Kinematic dependences 

DVCS The kinematic dependences of DVCS production, presented in Fig. [H are well de- 
scribed by models using either GPDs or a dipole approach [T] [2] . 

The interference of the DVCS and Bcthe-Heitler processes gives access, through the mea- 
surement of beam charge asymmetry, to the ratio p of the real to imaginary parts of the 
DVCS amplitude. The measurement p = 0.20 ± 0.05 ± 0.08 [2] is in agreement with the value 
p = 0.25 ± 0.03 ± 0.05 obtained from a dispersion relation using the W dependence of the cross 
section. 
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Figure 1: (left) Q 2 and W dependences of DVCS production, with simple fit parameterisa- 
tions pQ; (right) beam charge asymmetry, cos</> fit and predictions of a GPD model [2]. 



Q 2 dependence of light VM production The cross sections for elastic and proton disso- 
ciative p and c/> electroproduction have been measured with high precision [6l [7[ [13] . The Q 2 
dependence, shown for p mesons in Fig. [2] is reasonably described by several models, using 
either the GPD or the dipole approach. 

Although the production cross sections for light and heavy VMs differ by several orders of 
magnitude at Q 2 ~ 0, it is striking that the ratios are nearly constant when they are studied as a 
function of the scaling variable (Q 2 + My)/ A, with values close to unity when scaled according to 
the quark charge content of the VMs, p : u> : <fi : J/ip = 9:1:2:8. This confirms the relevance 
of the dipole size to the cross sections, even though the agreement with SU(4) universality is 
not perfect, indicating that wave function effects may need to be taken into account. 

The ratio of the production cross sections with proton dissociative and elastic scattering 
at \t\ = is found to be independent of Q 2 . Consistent values around 0.160 are measured for 
p and </> production with dissociative mass My < 5 GeV [7]. This observation supports the 
independence of the hard and soft vertex contributions to the scattering amplitudes, known as 
proton vertex or "Regge" factorisation. 
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Figure 2: Q 2 dependence of elastic and pro- 
ton dissociative electroproduction cross sec- 
tions of p mesons, and model predictions [7]. 
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Figure 3: Elastic b slopes, as a function of 
p 2 = (Q 2 + M v )/A for VM production and 
p 2 = Q 2 for DVCS 0. 



t slopes Exponentially falling |i| distributions, with der/dt oc e -13 '*', are measured for DVCS, 
light and heavy VM production, in both the elastic and the proton dissociative channels. In an 
optical model appraoch, the slope b is given by the convolution of the transverse sizes of the 
qq dipolc, of the diffractivcly scattered system (which vanishes for proton dissociation) and of 
the exchange (a contribution which is expected to be small). As shown in Fig. [3l the clastic 
slopes for light VMs strongly decrease with increasing Q 2 . They reach values of the order 
of 5 GeV -2 , similar to those measured in J ftp production, for values of the scaling variable 
(Q 2 +My)/4 > 5 GeV 2 . This evolution reflects the shrinkage with Q 2 of the light quark colour 
dipolc. A similar evolution is observed for DVCS as a function of the variable Q 2 . The proton 
dissociative slopes similarly decrease with the increasing scale, down to values around 1.5 GeV -2 
for p production and DVCS, and values slightly below 1 GeV -2 for J/ip production. 

The difference between the elastic and proton dissociative slopes, b e i — b v ,diss., provides 
another test of proton vertex factorisation. A value of 3.5 ±0.1 GeV -2 is measured for J/ip [TH 
ITS] , with a similar value for DVCS [2]. The difference is higher, around 5.5 GeV -2 , for p 
and 4> mesons, with however an indication of a decrease toward the J/ip value with increasing 
(Q 2 + M 2 )/4 0. 

Energy dependence and effective Regge trajectory The energy dependence of DVCS 
and VM production is well described by a power law, dc/dW oc W s . 

Figure 2] (left) shows that the energy dependence is significantly stronger for heavy quark 
photoproduction, with 6 ~ 0.8 — 1.2, than for (soft) hadron-hadron interactions and light VM 
photoproduction, with S ~ 0.2. This is explained by the fact that the photoproduction of VMs 
formed of heavy quarks is a hard process, characterised by small transverse dipoles which probe 
the low- a; gluon density in the proton at a scale where it is quickly increasing with l/x. 

For light VM production, the W dependence is hardening with Q 2 , with values of 5 similar 
to the J /ip values for (Q 2 + My) / 4 > 5 GeV 2 . This feature is explained by the shrinkage of the 
colour dipoles at large Q 2 values. 

In a Regge inspired paramcterisation, the energy dependence of the cross section and its 
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Figure 4: (left) W dependence of VM photoproduction [22] : measurement of the intercept 
ajp(0) (centre) and of the slope a' (right) of the effective Regge trajectory, as a function of the 
scale p 2 = {Q 2 + M 2 )/A for VM production and (j? = Q 2 for DVCS [7]. 



correlation with t are given by 8{t) =4 (ap(i) — 1), with ap(t) = ctjp(O) + a' • t, where a' 
describes the shrinking of the diffractive peak with energy. The hard behaviour of J / ip produc- 
tion and the hardening with (Q 2 + My)/4 of the energy dependence of light VM production for 
t = are shown in Fig. [4] (centre), where values of 1.08 or 1.11 for ap(0) arc typical of soft 
hadron-hadron interactions. As shown in Fig. 2] (right), the slope of the effective trajectory for 
VM production, including p photoproduction [5], is smaller than the value 0.25 GeV -2 , typical 
for hadronic interactions. For DVCS a' = 0.03±0.09±0.11 GeV" 2 [2]; for J/ij) photoproduction 
at high combining HI [17] and ZEUS [18] measurements, a 1 = -0.02 ± 0.01 ± 0.01 GeV" 2 . 

Remarks on the interaction scales The energy dependence of the total ep cross section 
at fixed values of Q 2 can be parameterised as F 2 oc x~ A , with values of A increasing with Q 2 , 
a feature which is attributed to the increase with Q 2 of the parton density at small x. The 
prediction that for VM production S = 2A, when taken at the same scale, can thus provide 
information on the relevant effective scale for the reaction. The present results clearly indicate 
that the variable (Q 2 -\-My)/A is a better candidate than Q 2 for such a unified scale, but 
high precision measurements of the energy dependence of p and J/tp electroproduction remain 
necessary to settle the scale issue [22]. 

For the DVCS process, where both LO and NLO (dipole-type) diagrams contribute, the 
present high energy data seem to favour an effective scale « Q 2 rather than « Q 2 /4 in order 
to ensure diffraction universality, but here also more precise data arc required. 



3 Spin dynamics 

The VM production and decay angular distributions allow the measurement of fifteen spin 
density matrix elements, which are bilinear combinations of hclicity amplitudes. Under natural 
parity exchange, five T\ v \^ amplitudes are independent: two s-channel helicity conserving 
(SCHC) amplitudes (Too and Tn), two single hclicity flip amplitudes (Toi and Tio) and one 
double flip amplitude (T_n). 
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The Q 2 dependence of the matrix elements for p and <f> production indicates that the five 
elements which contain products of the SCHC amplitudes are non-zero, whereas those formed 
with the hclicity violating amplitudes arc generally consistent with 0. A notable exception is the 
element rg , which involves the product of the dominant Too SCHC amplitude with Tn, which 
describes the transition from a transversely polarised photon to a longitudinal p meson [6j [7J . 
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Figure 5: Measurement of R = (TlIct, as a function of Q 2 and \t\ [7], W, and the invariant 
mass, Mmr, of the two decay pions [6], for p electroproduction. 



The ratio R = <jl/^t of the longitudinal to transverse cross sections for p production is 
shown in Fig. [5] as a function of Q 2 , W, t, and the invariant mass of the two decay pions, for 
several domains in Q 2 . 

A strong increase of R with Q 2 is observed, which is tamed at large Q 2 . These features are 
relatively well described by GPD and dipole models. The Q 2 dependence of R for p, 4> and 
J /if) production follows a universal trend when plotted as a function of Q 2 /My [JJ. With the 
present data, no W dependence is observed, but it should be stressed that the lever arms in W 
for fixed Q 2 values are relatively limited. 

No \t\ dependence is observed for R by ZEUS with \t\ < 1 GeV 2 [6], whereas an increase of 
R with \t\ is observed by HI for Q 2 > 5 GeV 2 , |t| < 3 GeV 2 0. This increase can be translated 
into a measurement of the difference between the longitudinal and transverse t slopes, through 
the relation R(t) = <Jh{t) / (frit) oc e~^ bL ~ hT " t K A slight indication (1.5a) is thus found for a 
negative value of 6^ — £>t (—0.65 ± 0.14+q' 5 ^), suggesting that the average transverse size of 
dipolcs for transverse amplitudes is larger than for longitudinal amplitudes 

The strong dependence of R with the dipion mass, observed by both experiments [7J, 
cannot be attributed solely to the interference of resonant p and non-resonant ttit production, 
and indicates that the spin dynamics of p production depends of the effective qq mass. 
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Figure 6: (a-d) Helicity amplitude ratios, as a function of t; (right plot) phase difference between 
the two SCHC amplitudes, T 00 and Tu [7j. 
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Hclicity amplitude ratios are measured, under the approximation that they arc in phase, 
through fits to the 15 matrix elements. The four ratios to the dominant Too amplitude are 
presented in Fig. Has a function of t, for two domains in Q 2 . At large Q 2 , a t dependence 
compatible with the expected y/\t\ law is observed for both single helicity flip amplitudes. A 
significant double-flip amplitude T_n is observed, which may be related to gluon polarisation in 
the proton. The t dependence of Tu/Too at large Q 2 , a 3a effect, is related to the t dependence 
of R and supports the indication of a difference between the transverse sizes of dipoles in 
transversely and longitudinally polarised photons. 

A small non-zero phase difference between the two SCHC amplitudes, which decreases with 
increasing Q 2 , is visible in Fig. [5] Through dispersion relations, this non-zero value is suggestive 
of different W dependences of the longitudinal and transverse amplitudes. 

4 Large |t| VM production 

In exclusive real photon and VM production at high energy and large \t\, a hard scale is present 
at both ends of the gluon ladder which extends over a large rapidity range, between the struck 
parton in the proton (mostly gluons at small x) and the quark or antiquark from the photon 
fluctuation. These processes thus offer a unique testing ground for the BFKL evolution, since 
no strong kx ordering along the ladder is expected. This is at variance with high Q 2 VM 
production at low \t\, where a large scale is present at the photon end of the ladder and a small 
scale at the proton end, a configuration which is described by the DGLAP evolution. For real 
photon and J/ip production, there is little uncertainty related to the wave functions. 
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Figure 7: Large \t\ photoproduction measurements: W dependence of real photon [3] (left) and 
J/ip |18j production (centre); spin density matrix elements for p production [9]. 

A specific QCD prediction for large \t\ production is the power-law dependence of the \t\ 
distribution, at variance with the exponential dependence for \t\ < a few GeV 2 . The t depen- 
dences for \t\ > 4 GeV 2 of 7 and J/ip production are indeed well described by power laws with 
exponents n = 2.60 ± 0.19io °g [3], and n = 3.0 ± 0.1 [18], respectively. 

Figures [7] (left) and (centre) present the W evolutions of high \t\ real photon and J/ip 
production, respectively. A strong W dependence is observed, compatible with calculations 
based on the BFKL approach, whereas the DGLAP evolution (valid for \t\ < m 2 ), predicts a 
significantly weaker dependence. 

The spin density matrix elements for J/ip production are in agreement with SCHC |17H18j . 
whereas substantial helicity flip contributions are observed in Fig. [7] (right) for p production 
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with 1.5 < \t\ < 10 GcV 2 [9], which can be understood in a BFKL approach with a 
chiral-odd component of the photon wave function. 
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